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Abstract 
A paleomagnetic study has been carried out on three sedimentary formations of the Permian 
Rodez basin in the southern France. Two of them yield paleomagnetic poles of Saxonian and 
Thuringian age showing counterclockwise rotation of moderate amplitude, during or after the 
Thuringian deposition. For the French Massif Central, contrary to its stable southern (Lodève 
basin) and eastern (Largentière basin) borders, on its southwestern border, in a large area 
including the Rodez, Saint-Affrique and perhaps Brive basins suffered rotations due to the 
extensional tectonics during the Late Variscan period.  
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1. Introduction 
The paleomagnetic results obtained from Permian Saint-Affrique basin (1); (2) and (3) had 
pointed out two different major events during the post-Variscan evolution of the southern part 
of the French Massif Central, giving large rotations in the Saint-Affrique basin. Rotation 
possibly also affected the Brive basin (4) and (5). However, no significant rotations have been 
observed in the neighboring Permian Lodève basin (6) situated in the south of the Saint-
Affrique basin and in the Largentière basin (7), located on the eastern border of the French 
Massif Central. The aim of this paleomagnetic study in the Rodez basin, situated on the 
contrary north of the Saint-Affrique basin, was to search for traces of major rotations in this 
area, to determine the importance, age and extent of these late Variscan tectonic events in the 
French Massif Central. 
2. Geological setting 
The French Massif Central, being part of the Variscan orogen, formed during the Paleozoic 
Gondwana–Laurussia collision (e.g. 8). The compressive tectonics, marked by the high 
temperature and pressure metamorphism, ended during the Late Devonian to Early 
Carboniferous ( 360 to 350 Ma) in the north and lasted until Middle to Late Carboniferous 
( 330 Ma) in the south 8; 9 and 10. The entire massif then experienced extensive tectonics 
since the Middle to Late Carboniferous ( 320 to 300 Ma). This extensive tectonics was 
marked by intrusions of granitic plutons (e.g. Margeride, Mont Lozère) and formations of 
strike-slip and normal faults (e.g. Sillon Houiller fault, Argentat fault). The NE–SW trending 
Sillon Houiller fault, that stretches along more than 500 km, is the major late orogenic 
structure of the French Massif Central 11. Several basins (St-Affrique, Lodève, Rodez, Brive, 
etc.) were formed in half-graben structure during this extensive tectonics. The sedimentary 
history of each basin is relatively similar, beginning with the opening of half graben during 
the Late Carboniferous. The metamorphic basement is overlain with basal conglomerate and 
coarse sandstone and deposition continued through the Permian without any important 
discontinuity (e.g. 10 and 12). After the Variscan orogeny, some late Variscan faults have 
been reactivated until the Cenozoic times and the Pyrenean and Alpine orogenies (e.g. 13). 
The Permian Rodez basin is situated on the western border of the French Massif Central (Fig. 
1). It corresponds to an area stretched out from east to west with two different sectors, a 
western sector with well developed upper series mainly attributed to Saxonian or Thuringian 
age and an eastern sector mostly with less developed formations of older age. It is limited to 
the north by the Lot basement, to the northwest by the Stephanian basin of Decazeville, to the 
south and southwest by the Rouergue basement and to the east by the Mesozoic cover of the 
Causses. The Rodez basin appears as a synclinorium oriented roughly N110°. It is filled by 
detrital continental sediments that lie over granitic-gneissic basement or the Stephanian 
deposits. This series can be divided into two stratigraphic units 14 and 15.  
• The lower unit, the “Salabru” group, consists of conglomerates, sandstones, pelites and 
dolomites which are gray at the bottom and gray-red at the top of the series; it is composed of 
three different formations: FI (conglomerates and coarse sandstones, with alluvial cone 
facies), FII (dark pelites with lacustrine facies) and FIII (red-gray sandstones and pelites, with 
fluviatil to paludal facies). FI and FII are paleontologically dated of Autunian age 16. FIII has 
been attributed to the Autunian 14 or to the Lower Thuringian 17. 
• The upper unit (the “Grès Rouges” group), consists of five sedimentary cycles of red 
conglomerates to pelites 18; it is not paleontologically dated and has been attributed to the 
Saxonian 14 or to the Lower Thuringian 17. 
The tectonics of the study area is mainly associated with two groups of faults, ones oriented 
N90 to N110 (Villecomtal fault, Marcillac fault, Palanges fault, Balzac fault, etc.) and the 
others N140 (Nauviale fault, Sebrazac fault, Pas fault, etc.). Blanchet et al. 19 provided 
detailed analyses of the basin opening and of the relation between sedimentation and 
tectonics. 
 
 
 
Fig. 1. Geological map (after 15 and 37) and sampling sites: Salabru group (sites 1-12S); Grès Rouges group (1-
23G). (1) Basement; (2) Stephanian; (3) Salabru group; (4) Grès Rouges group; (5) Mesozoic cover. 
 
3. Sampling and magnetic measurement procedures 
Only the finest-grained facies were selected for this study. One hundred and sixty oriented 
(using plaster cap) hand-samples and 128 oriented cores were collected all over the basin in 
50 different sites (Fig. 1) in pelites and sandstones from the FII and FIII formations and from 
the different sedimentary cycles of the Grès Rouges group. Most of the formations were 
sampled in different areas to provide a fold test, or to show possible local rotations. Cores 
were drilled in the laboratory from the hand-samples. Standard cylinder specimens were cut 
from each core. For some gray samples with low ferrimagnetic amount, all from the Salabru 
group, two specimens from the same hand-sample have been selected to compare alternating 
field and thermal analyses, and the total of 297 specimens were measured. They were stored 
at least 1 month into a zero-magnetic field to eliminate the main part of the Viscous Remanent 
Magnetization (VRM) acquired in situ or after sampling. Some samples have too low 
magnetization intensity since the first demagnetization steps and were rejected. 
JR-4 (Saint-Maur) and JR-5 (Orléans) spinner magnetometers (Agico, Brno) were used to 
measure the remanent magnetization. The selected thermal steps were 100 up to 200 °C 
treatment and reduced temperature intervals (50–20 °C) were used at the highest temperatures 
to better determine the remanence evolution. The steps used for alternating field treatment 
were of 5–20 mT. Fisher 20 and bivariate statistics 21; 22 and 23, providing a confidence 
ellipse around vectorial weighted mean, were used for data analyses. 
4. Rock magnetism study 
As in the Saint-Affrique basin 3, two different groups of magnetization intensities can be 
distinguished from the Natural Remanent Magnetization (NRM) measurements. The first one, 
with weak intensity values ranging, in 10–4 A/m, between 3 and 100, is mostly associated to 
the gray and dark pelites and sandstones from the FII formation. The second group 
corresponds to intensity values ranging, in 10–4 A/m, between 100 and 7000, obtained from 
the samples of the FIII and Grès Rouges formations (intensity values from these formations 
are mostly between 300 and 1000, in 10–4 A/m). 
Hysteresis loops of some samples were determined using a translation inductometer within an 
electromagnet providing a field up to 1.6 T. A strongly dominant effect of the paramagnetic 
minerals is evidenced by the almost linear loops obtained in these samples. 
• In gray to dark facies (Fig. 2a), the hysteresis loop is almost perfectly linear, superimposing 
the curves produced during the increasing and decreasing field. The paramagnetic 
susceptibility measured value is about 10–4 m3/kg, corresponding to the range of the 
susceptibility values of paramagnetic components like some phyllites. The saturation 
remanent magnetization is very weak (10–6 m3/kg), confirming that the ferromagnetic 
minerals are in very small proportion relative to other minerals in the sample.  
 
 
Fig. 2. Hysteresis loops: induced (circles) and remanent (squares) for Salabru (samples 4S18, 6S28 and 10S50) 
and Grès Rouges (20G84) formations. 
 
• In the red-gray facies (Fig. 2b,c), the hysteresis loops show some differences relative to the 
gray facies loops. Firstly, in the increasing field, the curve is not perfectly linear, suggesting 
the presence of a weak coercive force component. Secondly, the linear parts of the curve in 
increasing and decreasing fields are not superimposed; the absence of saturation in high field 
is evidence for the presence of hematite, confirmed by the high remanent coercive force 
(36 mT). 
• For the red facies (Fig. 2d), the hysteresis loops are very similar to those obtained for the 
red-gray sediments, with incomplete saturation for the ferrimagnetic minerals in 1.5 T field; 
the high remanent coercive force (43 mT) suggests the presence of hematite as the main 
ferromagnetic mineral. The paramagnetic susceptibility is very similar to that of the FIII 
formation (3.4 × 10–6 m3/kg). 
The Curie curve was studied using CS2-KLY2 (Agico, Brno) for different samples, from the 
FII, FIII and Grès Rouges formations. 
• For the FII formation, visible variation of the susceptibility with respect to the temperature 
(Fig. 3a) is due to important mineralogical alteration at temperatures higher than 400 °C, with 
formation of magnetite and pyrrhotite, likely from pyrite 24. 
• For the FIII (Fig. 3b) and Grès Rouges (Fig. 3c) formations, the curves are similar, showing 
the presence of hematite and very likely of magnetite. Only minor mineralogical alterations 
occurred during the heating. 
 
5. Paleomagnetic results 
5.1. FII Formation 
The NRM measured for this formation shows an important scattering of its direction around 
the present terrestrial field direction, suggesting a recent component (like VRM) probably as 
one of the main NRM components. 
Thermal and alternating field treatments were applied to this formation, leading to similar 
results (Fig. 4). The thermal treatment shows an important demagnetization at relatively low 
temperatures (remanent magnetization vanished around 350 °C, and, at higher temperatures, 
only incoherent variations of the magnetization have been obtained, related to mineralogical 
alterations), giving only an evolution of the magnetization direction along great circles. The 
alternating field treatment as high as 160 mT gives relatively similar evolution during the 
demagnetization in moderate field, but unfortunately incoherent variations in high field, 
produced by a parasitic anhysteretic magnetization acquisition.  
 
 
 
Fig. 3. Curie temperature curves for FII samples 4S11 (a), FIII samples 7S31 (b) and Grès Rouges sample 11G65 
(c): susceptibility in low field as a function of temperature. During heating, partial coolings were made to point 
out possible mineralogical alterations. 
 
 
 
 
 
 
Fig. 4. Orthogonal vector plots from FII (2S37), FIII (3S3) and Grès Rouges (5G26) samples after dip correction. 
Full symbols, horizontal plane; open symbols, vertical plane. Heating values in degrees Celsius. 
 
Thirteen remagnetization circles (Fig. 5) were determined from two different sites. The best 
intersection point 25 before dip correction (D = 2.9° and I = 59.9°) is relatively well defined. 
It is not the same case after dip correction, the best intersection point (D = 44.8° and 
I = 21.1°) being determined from almost parallel circles (Fig. 5) and therefore not meaningful. 
The component corresponding to the intersection before dip correction therefore has been 
acquired after tilting. On the contrary, the better homogeneity of the circles after dip 
correction should indicate that the second magnetization component was likely acquired 
before tilting, i.e. should be then the primary magnetization. It could be, in a certain way, an 
indication in favor of positive fold test. This is confirmed by the fact that the last significant 
magnetization direction measured during demagnetization is more clustered after dip 
correction (k = 28 and α95 = 7.3°) than before (k = 20 and α95 = 8.5°), though the dip is similar 
for most of the samples. Assuming such an ante-tilting magnetization, the evolution towards 
the west (after dip correction, the mean orientation of the last significant magnetization 
direction measured during demagnetization is D = 254.0°, I = 24.9° compared to D = 9.9°, 
I = 52.2° for the NRM) of the direction during treatment should provide some information 
about the orientation of this primary magnetization. This last one should be situated on the 
great circle, in the western half-plane limited by the secondary component. Knowing the age 
of the magnetization, the inclination should be low (about 0–20°) and the assumed primary 
magnetization therefore towards a WSW low dipping direction. Unfortunately, no 
Characteristic Remanent Magnetization (ChRM) has been obtained from this FII formation, 
and this result cannot be considered as really reliable. 
 
5.2. FIII Formation (Table 1) 
This magnetization was only analyzed by thermal treatment owing to the high coercive force 
values. This treatment allows to determine clearly the paleomagnetic directions from the red-
gray sediments. Zijderveld diagrams (Fig. 4) pointed out a low temperature component, 
probably a VRM, that is removed completely after 250 °C treatment and a second component 
very well defined by heating steps from 300 to 670 °C, carried by the hematite, corresponding 
to the ChRM for this formation.  
Paleomagnetic directions, different from those measured in the other sites and with normal 
and reversed polarities, have been observed in site 3S (Fig. 1). Both normal and reversed 
components should have been acquired after tilting, taking into account their negative fold 
test (see Table 1). They should be magnetic overprint. Remagnetization directions, but only of 
normal polarity, were observed in more or less mineralized formations from the Massif 
Central borders 26. This remagnetization occurred during fluid migrations of Eocene age 27. 
For the normal and reversed directions of Site 3S, the reversal test is negative 28, and it is 
probable that the reversed magnetization results from the perfect superimposition of two 
components 29, the primary magnetization and a remagnetization of normal polarity, as 
previously found in the Saint-Rome 2a formation of the Saint-Affrique basin 3. 
 
 
 
Fig. 5. Remagnetization circles before (a) and after (b) dip correction for FII formation (equal area projection in 
the lower hemisphere). 
 
 
 
 
 
 
Table 1. Rodez basin: for each cluster of ChRM in each site, number of specimens (N), mean direction (D, I) 
before and after dip correction. Paleomagnetic pole (lat., long.). Corresponding Fisher’s 20  parameters (k, α95, 
K, A95) 
 
 
For the other sites, only reversed polarity has been identified. The Fisher statistics applied to 
the mean-site directions provide precision parameters, ranging during progressive untilting for 
k from 22 to 96 and for kδ from 13 to 64 and clearly giving a positive fold test (Fig. 6 and Fig. 
7; Table 1). The progressive decrease of ellipticity (the correlation coefficient r from bivariate 
analysis increases with ellipticity 21; 22 and 23—it is here ranging from 0.86 to 0.6 with a 
minimum close to 100% unfolding) during progressive unfolding confirms the positive fold 
test (Fig. 6). The ChRM (N = 18 sites, D = 190.0°, I = 4.3°, k = 95 and α95 = 3.4° after dip 
correction) was therefore acquired before tilting. The high value of the minimum correlation 
coefficient r (indicating significant lengthening of the distribution of the ChRM directions) is 
mainly due to the imprecise direction obtained in few sites with relatively low precision 
parameters.  
 
 
Fig. 6. Variation of the kδ parameter (continuous line) and of correlation coefficient r (dotted line) during 
progressive unfolding (from –25% to 125%). 
 
 
 
Fig. 7. Equal area plot after (a) and before (b) dip correction (full symbols, lower hemisphere; open symbols, 
upper hemisphere) of the mean paleomagnetic direction from each site of the FIII and Grès Rouges formations. 
 
5.3. Grès Rouges formation (Table 1) 
The directions of the NRM of these red sandstones present a moderate scattering. This 
magnetization was only analyzed by thermal treatment owing to the high coercive force 
values, the hematite being the main carrier in this formation. In the majority of the sites, the 
procedure was able to separate a low temperature component (up to 250 °C) associated with 
the recent magnetic field, and a second component between 250 and 670 °C (Fig. 4), 
corresponding to the ChRM ( Table 1). A reversed polarity has been identified for all this 
formation. The fold test for all the formation is here also positive, k for the mean site 
directions ranging from 22 to 53 and kδ from 17 to 65 during progressive untilting (Fig. 6 and 
Fig. 7). Low ellipticity shows that the distribution of the ChRM directions is not significantly 
lengthened from 0% to 100% unfolding (Fig. 6). The ChRM (N = 23 sites, D = 190.2°, 
I = 13.2°, k = 53 and α95 = 4.0° after dip correction) was therefore acquired before tilting, 
corresponding to a diagenetic or syngenetic magnetization. The ChRM orientation is different 
from one sedimentary cycle to another (Table 1), giving slightly different clusters of direction 
(Fig. 7). This suggests that the tectonic events at the origin of the different sedimentary cycles 
were separated by very long “quiet” periods, except perhaps for cycles M2 and M3 which 
correspond to similar paleomagnetic directions ( Table 1). 
The high temperature component of some samples from the sedimentary cycles M4 and M5 
shows an orientation similar to that of the Chemical Remanent Magnetization (CRM) 
produced during fluid migration observed in the Southern Massif Central 27. The data of 
these samples have been therefore rejected for the calculation of the mean direction. 
5.4. Carboniferous formations 
Ten sites in Carboniferous gray-yellow colored sandstones were equally sampled in the 
coalmine near Decazeville in the western border of Rodez basin (Fig. 1). All measured 
samples present low NRM intensities with an average of 1.5 ± 1.2 in 10–4 A/m and show a 
high magnetic viscosity. From this weak intensity, it remains less than about 30% after the 
first heating steps up to 150 °C. The obtained magnetic direction are scattered, thus no 
characteristic direction could be isolated from this low temperature treatment. The variation of 
the magnetic intensity becomes aberrant after the heating at 300 °C indicating the probable 
existence of pyrite in the samples, which is oxidized during the demagnetization. Alternating 
field treatment does not give better results. So, no significant paleomagnetic conclusion could 
be drawn from these Carboniferous sandstones. 
6. Discussion 
6.1. Comparison of the paleomagnetic declinations from Permian basins of the French 
Massif Central with those from the Apparent Polar Wander Path (APWP) and 
implications 
To make easier a comparison of the paleomagnetic data from all the studied basins, the 
declinations corresponding to the different formations (Table 2) and for the Western Europe 
(except Lodeve) APWP 30, all recalculated for the Rodez location, have been used (Fig. 8). In 
agreement with the European APWP, we assume that paleolatitude is the only function of the 
age. It is then possible to directly compare declination for each formation with declination for 
the part of the APWP with the same paleolatitude (i.e. corresponding to the same age). The 
mean value of the difference in declination with the APWP yields the undergone rotation for 
the five basins. Comparison in paleolatitude of our data with APWP suggests for FIII and 
Grès Rouges formations Saxonian and Thuringian ages, respectively.  
Table 2. Permian basins: for each formation, number of sites (N), mean direction (D, I) before and after dip 
correction and paleomagnetic pole (lat., long.). Corresponding Fisher’s 20 parameters (k, α95, K, A95). For data 
between parenthesis, only the declination is reliable 3. Note that the data for Lodève in 3 were partially 
erroneous and the correct values are indicated here 
 
 
 
 
 
 
 
 
 
Fig. 8. At the Rodez location, paleolatitude (Plat) as a function of the declination (D) for the Thuringian (1), 
“Saxonian” (2) and Autunian (3) formations of Lodève basin, for the F5 (4), F3 (5) and F2b (6) formations of the 
Saint-Affrique basin, for the Grès Rouges (7) and FIII (8) formations of the Rodez basin, for the “Saxo-
Thuringian” (9) and Autunian (10) formations of the Brive basin, for the formations of the Largentière basin (11) 
and for the APWP for Europe (line with triangle each 10 Ma). 
 
Lodève and Largentière basins were not affected by significant rotations. For the three other 
basins, the undergone counterclockwise rotation should be in average of 7.6° for Saint-
Affrique, 4.3° for Rodez and 2.5° for Brive (but in this last basin, contrary to the two others, 
the possible rotation is weaker than the uncertainty on the declination). This could indicate a 
dampening of the rotation towards the north from the Saint-Affrique basin. 
Detailed data from the Saint-Affrique basin showed that two tectonic phases of rotation 
affected this basin 3. The first one occurred between deposition of the black shales and of the 
gray-red facies (i.e. during or at the end of the Autunian), giving different rotation on the 
northern and southern borders of the basin. On the northern border, black shales overlying 
without visible discontinuity the basement, assumption of very local effect cannot be retained. 
The rotation relatively to stable Europe should be clockwise of the order of 6° 3. On the 
southern border, the border fault could have given local rotation. The counterclockwise 
rotation was of the order of 18° relative to stable Europe 1. The second rotation occurred at 
the basin scale with a counterclockwise rotation of the order of 7° after the middle Thuringian 
3. The coherence of the paleomagnetic data from the upper levels in the whole basin excludes 
possibility of very local phenomenon. This also implies that the actual first rotation relatively 
to stable Europe was clockwise of the order of 13° on the northern border of the basin, and 
counterclockwise of about 11° on the southern border 3. 
The paleomagnetic data from Rodez basin show different apparent rotations between the 
sampled formations. The younger paleomagnetic results from Grès Rouges redbeds covering 
mainly the northwestern part of the basin (Fig. 1) show a significant counterclockwise 
rotation comparing to stable Europe. The older FIII Saxonian formation sampled from the 
southwest to the east in the basin presents a declination statistically compatible with stable 
Europe as with the rotation pointed out in the Grès Rouges (Fig. 8). The only rotation 
established in the FIII and Grès Rouges formations of the Rodez basin therefore occurred 
after or during the deposition of the Grès Rouges. Because the paleomagnetic data from black 
shales in the Rodez basin are very doubtful (they should indicate a very strong clockwise 
rotation, as for several Carboniferous paleomagnetic data in the western part of the Variscan 
chain 31), no reliable information can be obtained for a possible first rotation before FIII 
deposition. 
6.2. Structural implications 
6.2.1. “Autunian” rotation 
Lodève as Largentière areas were not affected. Saint-Affrique basin underwent clockwise 
rotation at least on its northern border; counterclockwise rotation at its southern border could 
be related to local deformation along the border fault of this half-graben, as well as affecting 
all the southern half of the basin. As suggested by the FII formation data, Rodez basin was 
perhaps affected by very strong clockwise rotation. Therefore, rotations appear to have been 
relatively incoherent during this period, and perhaps are related to displacements along local 
listric faults. Their age should correspond to the second extensional Late Variscan episode in 
this area 10; 32; 33 and 34. 
 
 
6.2.2. “Thuringian” rotation 
The corresponding paleomagnetic data presented in Table 2 obtained from well spread 
geographic distribution of sites from each basin show consistent magnetic directions for each 
age, indicating that, after the Autunian, no or weak internal relative rotation occurred. In other 
words, these basins could be paleomagnetically considered as rigid blocks. Saint-Affrique, 
Rodez and perhaps Brive basins were affected by counterclockwise rotation, likely with a 
dampening towards the north. This could be explained by movements along major Variscan 
structures 7. However, the difference in rotation between neighboring Saint-Affrique and 
Rodez basins, each being like a rigid unit, seems to indicate rather a movement along listric 
faults 35 at the scale of the basins. Movements along such listric faults were probably at the 
origin of the half-graben basins of Saint-Affrique and Rodez. The rotation event could 
correspond to a reactivation of these listric faults during a local and the last phase related to 
the gravity collapse of the thickened Variscan crust of the Montagne Noire. 
Moreover, paleomagnetic data obtained in the upper Triassic red-beds overlying the rotated 
Permian levels of the Saint-Affrique basin (Rouvier, Henry, pers. comm.) and in a Bathonian 
basalt of the Causses 36 do not point out significant rotation relatively to stable Europe. This 
constrains the age of the rotation from the Thuringian to the Upper Triassic. 
7. Conclusion 
The Rodez basin was, like the neighboring Saint-Affrique and perhaps Brive basins, affected 
by significant rotations during Late Variscan times. In the southwestern border of the Massif 
Central occurred then two main rotation events, the first one being likely relatively local 
contrary to the second one which affected each basin as a whole and is probably related to 
important listric faults.  
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